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ABSTRACT

The National Electrical Safety Code, ANSI C2, |evies general
requirenents for the protection of underground el ectri cal
conductors within a distribution system Specifically, the
standard requires conductors, jacketing, and shielding to be
properly protected so that cables will not be damaged, except at
the location of a fault.

The requirenents of this standard inpact both the type and

| ocation of protective devices used for the protection of cables.
Many tinmes standard non-current limting fuses are used to
protect shielded underground primary voltage cables. Low voltage
service cables are protected solely by the primary fuses of the
distribution transforner. Both of these situations result in
conpliance issues. Conpliance problens are aggravated by the
shi el di ng desi gns of nedium voltage cables and the | ow driving
vol t ages avail abl e on 240/ 120 V and 208Y/ 120 V systens.

Usi ng an actual case history for a line-to-neutral fault in a
residential underground system this paper explores the
difficulties in conplying wwth the NESC requirenents in | ow

vol tage systens. It analyzes design practices in this particular
area of the NESC rules. The limtations of conmmon devices, such
as fuses, and common design practices used to neet the NESC
requi renents for protection of nediumvoltage cables are al so
anal yzed.

| NTRODUCTI ON

The National Electric Safety Code (NESC), ANSI C2-1997, Rule 330D
requi res that underground cabl es be designed to withstand the
effects of a fault both in magnitude and duration, except in the

i mredi ate vicinity of the fault. This requirenent not only
applies for the conductor, but also for the insulation and
shielding. It will be denonstrated wthin this paper that
adherence to this rule is not easily acconplished with standard
overcurrent protective devices such as circuit breakers and
fuses.

In order to denonstrate the problens associated with conpliance
with this rule, an exanple is presented fromthe author’s
experi ence.



NESC DI SCUSSI ON
The NESC rul e 330D reads as foll ows:

“D. The conductor, insulation, and shielding shall be
designed to withstand the effects (Enphasis added) of the
expect ed magni tude and duration of the fault current, except
at the immediate vicinity of the fault.”

Interpretation and application of this rule is not as straight
forward as one mght think, and unfortunately little guidance is
provided within the NESC, or w thin handbooks witten on the

subj ect. The phrase “withstand the effects” is anbi guous and open
to interpretation.

It is typical wwthin other | EEE standards, such as Std 242, to
interpret cable “wthstand” as that reconmmended by | PCEA
standards. Neither the | EEE or | PCEA standards are referenced
within the NESC. These standards limt current magnitudes for a
duration of |ess than 10 seconds to the short circuit rating of
the insulation and for | onger duration of tinme up to the
continuous rated tenperature of the insulation. For exanpl e,
conductors insulated with 75 deg. C thernoplastic insulation are
usually limted to a short tine heating of 10 seconds or less, to
200 deg. C. Any other conductor or shielding material within or
next to the conductor is also limted to the sane maxi mum short
and long tine tenperatures.

Short circuit protection of conductor insulation within | EEE and
| PCEA standards can be acconplished quite easily over all ranges
of faults with current limting fuses. This is true as |long as
the rating of the fuse either matches the continuous anpacity of
t he conductor or does not exceed three tines the rated anpacity.
If circuit breakers are substituted, it is quite possible that

t he conductor can be left with little or no short circuit
protection for high magnitude faults.

To denonstrate this principle Figure 1 is presented. Secondary
cable protection will be addressed first. Figure 1 displays the
| PCEA wi t hstand curve for 4/0 thernoplastic insul ated cabl e.

This figure al so shows the characteristic curves for a current
l[imting fuse (FUl), a non-current limting fuse (FU2), a non-
current limting fuse (FU3) and a nol ded case breaker. In each
case the protective device is rated at 225 A except for FU3. FU3
is set at approximately three tinmes the anpacity of the cable.

From Figure 1, one can easily see that fuses FU1L and FU2 protect
t he conductor over any range of fault condition. In all cases,
the fuse curve is to the left of the conductor damage curve.
Fuse FU3 only provides short circuit protection. For the nol ded
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case breaker, however, the breaker curve and the conduct or
wi t hstand curve could overlap where currents are greater than
approxi mately 110 kA

Therefore, for currents greater than 110 kA the NESC criteria for
conductor protection would be violated with a nol ded case
breaker. In a realistic exanple, using a single-phase
distribution transforner, such high | evels of current would not
be achi evabl e. Assuming that the secondary conductors are rated
for the full load rating of the transfornmer, a 50-kVA transforner
with an i npedance of 0.18 percent would be required. Such a
transforner is not commercially available. Any notor
contributions in this anal ysis have been ignored because the
effect of their inclusion is negligible.

Applying this situation to the nore general case of secondary
conductors rated for the full load capability of the transfornmer
and protected by fuses or breakers the foll ow ng anal ysis m ght
be made.

Using Figure 1 it can be deduced that, as long as fault currents
do not exceed 488 puA (per unit anperes) of the conductor ful

| oad rating, standard protective devices will be adequate. It
coul d al so be deduced that, where the conductor rating matches
the transformer rating and the transforner inpedance does not
approach 0.2 percent, all would be well. This will be the
situation nost if not all of the tine.

The other problemto be analyzed is protection of the shielding
of medi um vol tage cables to conply with the NESC

fig 1l
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Medi um vol t age cabl es available wthin the industry usually have
shi el di ng which can consi st of copper or alum numnetal tape or a
sem -conductive plastic with drain wire construction. In this
anal ysis the easiest shielding construction to protect, an W
cable with a 5 m| copper tape overlapped 12% w !l be
considered. According to literature fromone cabl e manufacturer
this shield type, on a 133%insul ated #1 AWG EPR cabl e, would
have a one second withstand rating of 780 anps. This is

approxi mately the sane short tine rating as a #9 AWG
PVCconduct or.

Figure 2 is presented to show the conditions when standard fusing
practice is used. The situation depicted is considered very

typi cal of nobst of the underground riser to pad-nount transformer
arrangenments. The shield tape withstand curve is represented
with a #9 PVC conductor driven to the maxi num al | owabl e
tenperature rise for PVC. Referring to Figure 2 the foll ow ng
characteristics are plotted.

The insul ati on danmage curve for the MV90 cabl e, assum ng al
current flowis over the main conductor. (3)

A 140-anp T fuse commonly used to protect this cable at a riser
pole. (7)

An 80-anp T fuse. (6)
An 80-anmp K fuse. (5)
The withstand of the netal tape shield. (4)

Last the characteristics of a 167-kVA transforner primary fuse.

(2)

Looking at Figure 2, one will notice that the cable itself is
adequately protected by the 140-A riser pole fuse. This sane
140- A fuse provides no protection for the shield conductor. This
assunes all current flows over the shield tape. Until the
shielding fuses, it will carry nost of the fault current. The
80-A K type, fuse protects the shield agai nst sone damage. For
conpari son purposes the effects of using an 80 A T-type, fuse is
al so shown. Fromthis graph one can see that conpliance with the
NESC woul d require fusing the cable at | ower than rated anpacity.
Using a smaller fuse would not be a probl em because it would

still coordinate with the primary fuse of the transforner. |If
| oadi ng of the underground feeder is near the maxi num use of the
140- A fuse mght be required. In that case, protection of the

shield woul d be a probl em

In actual practice, this cable runs in ductbanks along with a
systemneutral or primary system equi pnent ground conductor. The
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effect of the neutral or ground conductor would be that of
shunting a portion of the fault current away fromthe shield
tape. Figure 3 shows the effect when only 33% of the fault
current flows through the shield, the rest flow ng over the
neutral conductor. The curves of the conductor w thstands have
been increased by a factor of 3 to denonstrate the effect. It
can be seen that the fuse now adequately protects the shield.
Assuming that this nmuch current will be diverted away fromthe
shield to the neutral would be inappropriate. WMre research is
needed to determ ne the actual anmount of current that wll flow
over the shield. This is very conplex and a function of shield
constructions and neutral conductor inpedances. The safest
approach woul d be to assune that the neutral provides no
effective shunting effect for fault current.

Thi s anal ysis has not raised any unresol vable red fl ags of
concern yet. Secondary cables can be adequately protected with
fuses set for the anpacity of the cable. Primary cable
protection becones nore difficult when trying to achieve
protective device coordination and at the same tine neet NESC
requirenents.

What happens if the conductors are not directly protected by
fuses on the secondary side of the transforner but instead rely
upon the fuse protection on the transfornmer primary? As will be
noted i n subsequent paragraphs, this presents a totally different
probl em for conductor protection.

DESI GN PRACTI CES

It has been the author’s experience wthin the utility, industry,
and governnent sectors that the nbst comon protective device
used for the protection of | ow voltage cables is the primary fuse
of the transfornmer. \Wen service conductors are fed fromthe
secondary of a distribution transfornmer, fuses or
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other protective devices such as cable limters are rarely
installed at the secondary lugs of the transforner. This practice
is allowed within the NESC. The NEC (NFPA 70) requires conductors
to be provided with both overload and short circuit protection.
Wthin NFPA 70 (NEC), the practice of secondary conductor
protection fromprimary transformer fuses would only be all owed
where the transforner is a single-phase two wire secondary
transfornmer. Wth a single-phase two wire secondary transforner,
the primary current will always be a direct ratio of the
secondary current under all situations. If the transfornmer is a
si ngl e-phase three-wire transforner, such as a typical 240/120
volt distribution unit, the primary current during a
line-to-neutral overload or fault will only be one-half of the
value of a line-to-line fault. Therefore, even if the primry

transforner fuse has a rating equal to the transfornmer full | oad
primary anperes, secondary conductors selected for the secondary
full load anperes will be left wwth no overl oad protection.

The situation of primary protection only is shown in Figure 4.
The conductors in this figure have been selected at the full-I|oad
rating of the transfornmer. Note that the conductors are provided
short circuit protection for both line-line and |ine-neutral
faults. The NESC all ows nmuch nore latitude in conductor
protection. |If one |ooks and Section 16, Rules 160 and 161, they
w Il notice that conductors can be provi ded overcurrent
protection in many ways. Specifically, we can use fuses,

breakers, protective relaying, or renote alarns. These devi ces
must protect the conductors against “excessive heating.” Again, a
designer or a utility conpany nust determ ne what it considers as
excessive heating. In a case where diversified residential |oads
have been used to size the transformers and service laterals, the
possibility of a line-to-neutral overload on a transformer is
extrenely renote. An additional factor mnimzing the chance of
overload is that conductors al so have an energency anpacity

hi gher than that of the normal continuous anpacity

Operation of the conductors at the energency anpacity, if it does
not exceed nore than 100 hrs per year, wll not significantly
reduce cable life. For exanple, a conductor with an insulation
rating of 90 deg. C continuous will have an energency overl oad
tenperature rating of 130 deg. C.
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Usi ng equations fromI|EEE Std 242, Chapter 11, one would find
that this correlates to a 25 percent overload on the conductor.

A case history exanple fromthe author’s experience wll be used
to denonstrate what can happen when a designer of a residential
under ground secondary system viol ates the design previously

di scussed. Nanely that the secondary conductors are rated for
the full-load rating of the transforner.

CASE H STORY

In 1995, the author was called upon to investigate a fire within
sone recently renovated famly housing units at Ft. Sil

Okl ahoma. Renovation of the interiors of the housing units had

j ust been conpleted. Renovation included a conplete rewiring of
the interiors of the units. Sinmultaneously another contract was
in progress to replace the overhead primary and secondary

di stribution systens feeding the housing units with a new
underground distribution system A fire began at one of the units
when an el ectrical contractor energi zed an under ground service
feeding four famly housing units. I medi ately upon energization
of the conductors, occupants of the housing units noticed snoke
and arcing taking place interior to the dwellings. After exiting
the dwel lings, sone occupants noticed snoke rising fromthe

under ground secondary cabl e service pedestals |ocated in the

all eys behind the units. Only noderate property damage occurr ed.
No deaths or injuries were reported.

The primary fuses for the pad-nmounted transfornmers did not
operate to clear the fault over a period estimated at 20 m nutes
after the fault occurred. The fault was cleared by manual |y
de-energi zing the underground primary lateral to the transforner.
Prior to power disconnection, high |evels of currents flowed over
phase, neutral, and groundi ng conductors resulting in extrenme
damage to the underground service conductors. Stray currents
circulating through interior wiring systens, piping systens, and
metal siding of the housing units caused danage to branch circuit
wiring. The sanme currents canme very close to igniting wood
structural nenbers under the netal siding. Small appliance danage
was confined to the nelting of cords to grounded appliances such
as refrigerators with icemakers.
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The investigation was directed to:

- Determ ne why protective devices did not function to clear
the fault

- Assist in the visual inspection of the damage to determ ne
t he extent of damage

- Determ ne any deficiencies requiring correction to preclude
recurrence of the problem

SYSTEM DESCRI PTI ON

The four affected housing units and the physical |ayout of the

el ectrical systemis shown in Sheet 1. A single-phase 7.62 kV
underground |line fed pad-nounted transfornmers |ocated within an
al | eyway behind the four affected housing units. The underground
primary has not been shown in the drawing. Transforners are

si ngl e- phase 7620- 240/ 120 volt units. The 75-kVA transforner
involved in the fault had a percent inpedance voltage of 2.5%
Underground prinmary cable serving the transformers was #1 AWG 15-
kV cable with a 100% rated concentric neutral. Secondary service
| ateral conductors ran fromthe transforner to the service
pedestal s “P1” and “P2.” Service drop conductors ran fromthe
service pedestals to the service entrance di sconnect switch on

t he outside of each housing unit. Al underground service
conductors were 1/0 AWG i n size. Although not required by code a
#6 AWG i nsul ated groundi ng conductor was installed in each
service l|lateral and service drop. The #6 AWG conductor was
bonded to the service neutrals at each housing unit, at a ground
lug in each service pedestal, and at the pad-nounted transforner
groundi ng system

The only protection provided for the underground secondary cabl es
was provided by the primary fuses on the transformer. No
secondary fuses or cable limters were installed at the secondary
lugs of the transforner. The primary transfornmer fuses were of
the current limting drawout bayonet type.

A fault occurred when the electrical contractor energized the new
under ground services to the four affected housing units. At that
time, the units were also being fed fromthe existing overhead
distribution system As it turned out, the phase and neutral
conductors between pedestals “Pl” and “P2” were reversed at one
end.
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Sheet 1
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Sheet 2
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This resulted in a bolted line-to-neutral/ground fault condition
within the secondary service system A diagramof the system
during the fault and the resulting conputed current flow

t hroughout the systemis shown in Sheet 2.

BASI C ANALYSI S

The conductor sizes, |lengths, calculated currents, and resulting
damage fromthe diagramon Sheet 2 are noted in Table 1.

Table 1
Conductor Size Length Fault
Label [ AWG] [ft] Current Danage
BJ #6 1 600 A Burned clear during ftault
Gl #6 40 600 A No visible heat stress
damage. Current dropped
to a negligible anount
after “BJ” fused.
& #6 58 256- /50A I nsulation charred
G3 #6 95 750-856 A Insulation charred
A #6 78 750-856 A Insulation charred
(€3] #6 81 0 A No damage, conductor not
termnated during fault
(€3] #6 <<250 A No visible heat stress
damage
H1 1/0 40 750-856 A No visible heat stress
damage
N1 170 40 256- /50A No vi sible heat stress
damage
N2 1/0 58 256- 750A No visible heat stress
damage
N3 1/0 95 750-856 A No visible heat stress
damage
N4 170 78 /50-856 A No visible heat stress
damage
N5 1/0 81 <<250 A No visible heat stress
damage
Conductor Size Length Fault
Label [ AWG] [ft] Current Danage
PN #2 <<250 A No visible heat stress
damage

During the faulted condition, fairly high | evels of current
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fl owed through the equi pment groundi ng system and neutr al
conductors. Stray currents also flowed over interior netallic
paths interconnected with the electrical grounding system The
bondi ng junper “BJ” was fused and separated approximately 6
inches fromthe transformer ground |ug. Considering the
calculated results of this study, it can only be deduced that
this junper fused due to one or nore of the conductor strands
bei ng cut or damaged. This conclusion results fromthe fact that
(1) this bonding junper carried virtually the same current as
ot her conductors of the sanme size which showed no distress and
(2) the conductor showed no signs of overheating 2 inches to
either side of the fused | ocation.

Whil e current was not conputed for PN, N5, G5, N6 and N7, it is
known that the magnitude and duration of the current was high
enough to heat a #12 AWG conductor to the nelting point of the
pl astic jacket on the interior NMC cable. This fact was
substanti ated by the danmage to several branch circuits within
housi ng unit 1141-A

In this particular situation, the damage was aggravated by two
design-rel ated i ssues. The system designer sized the secondary
service | ateral conductors based upon expected denmands. The
transfornmer was sized for additional load growh resulting in the
anpacity of the secondary conductors not matching the full | oad
rating of the transforner.

The situation in terns of the protective device, the primry
transforner fuse, is shown in Figure 5. Note the rel ationship of
the primary fuse curve to the secondary conductor danage curves.
The conputed line-neutral initial fault current flow ng during

the actual conditions is shown as a vertical line. Al so depicted
are maxi mum avail able fault current |levels at the secondary
termnals of the transformer. FromFigure 5 one can illustrate

that the secondary conductors are not protected bel ow fault
current |evels of 3,000-A.
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Fig 5
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General Case Analysis

In order to derive general |essons fromthe very specific
precedi ng exanpl e sonme assunptions will need to be nade. After
maki ng t hese assunptions sone general observations wll be

i nt roduced.

G ven the follow ng situation
Si ngl e- phase 240/120 V secondary transforner

Primary fuse of transforner sized no greater than 1.25 tines the
full-1oad rating.

Type K fuses will be used due to restricting the analysis to
over head transforners.

M ni rum avai | abl e transforner inpedance 1.2 percent.

Fuse must protect cable only for tinmes |ess than 10 seconds.
Times longer than this are affected by pre-fault | oading,
anbi ent tenperatures, and other vari abl es.

The smal | est secondary conductor normally used is #6 AWG

Li ne-neutral connected primaries result in |larger fuse sizes for
a given size of single-phase transforner. Therefore, line-line
connected transfornmers are not included in analysis.

Usi ng these constraints, we will find the m nimm size of

secondary conductor that will be provided short circuit

protection by the primary fuse.

To devel op the general analysis the extrenes of single-phase
distribution transfornmers will be used.

Case 1. 167 kVA Transforner
Figure 6 shows the situation. The snallest cables that can be
protected appear to be either 250 kcm | XLP or 350 kcm | THW

These cabl es have anpacities in conduit or underground of
approxi mately 45-50% of the full load rating of the transforner.

Fig 6
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Fig 7
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Case 2: 15 kVA Transforner

Figure 7 shows the situation. 1In this case the cable size is the
smal l est normally encountered, #6 AWG  The | argest transforner
fuse that can be used with these conductors appears to be one
that woul d be encountered with a 15-kVA transfornmer. Fig 6

In this case, the conductors are rated at approximately the ful
load rating of the transforner. |If these sane conductors are
used with a 25-kVA transfornmer, they will no | onger be protected.

Gener al Concl usi ons:

| f adherence to the NESC is interpreted as limting conductor
fault tenperatures to those recommended by | PCEA, then fromthe
exanples in this paper the follow ng design goals can be
established. Wiile the situations presented were those of

si ngl e-phase transforners simlar problens will arise for
secondary conductors on we grounded secondary of three-phase
transforners or where nore than three sets of conductors are
paralleled to obtain the requisite anpacity.

Medi um Vol t age Cabl es:

Conduct or and shield protection nust consider the therm
characteristics of both the shield and the phase conduct ors.
O herwi se the design may not conply with the NESC

Fuse selection for the cable will normally be constrained by the
shield withstand characteristic.

Low Vol t age Cabl es:

Cabl es sized for the full | oad anpacity of the transforner
secondary can be provi ded adequate fault current protection by
the primary fuses of the transforners.

Cabl es rated I ess than 50% of the rating of the transforner
anpacity nust be provided fault current protection on the
secondary side of the transfornmer. Protection should be by
cable limters or other fuse type devices. GCircuit breakers
can be used, as long as fault currents are not so high that,
prior to breaker clearing, damage to the insulation occurs.
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